Homeobox genes encode DNA-binding transcription regulators that participate in the formation of embryonic pattern or contribute to cell-type specificity during metazoan development. Homeobox genes that regulate aial patterning and segmental identity (Hox/HOM genes) share a conserved clustered genomic organization. Mammals have four clusters that have likely arisen from the duplication of a single ancestral cluster. The number of Hox-type genes in other deuterostomes was estimated by using a polymerase chain reaction sampling method. Increased Hox gene complements are associated with the appearance of chordate and vertebrate characters. Our data suggest the presence of one Hox duster in the acorn worm, a hemichordate; two Hox clusters in amphioxus, a cephalochordate; and three in the lamprey, a primitive vertebrate.
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The increasing morphological complexity of the extant deuterostomes suggests a concomitant evolution of the developmental mechanisms underlying the morphological evolution of these groups. Deuterostomes share common features of embryogenesis, including radial cleavage and enterocoelous development. They include echinoderms, hemichordates, cephalochordates, and vertebrates, which represent wide variations in neural, muscular, and skeletal complexities. The echinoderms and hemichordates are relatively primitive forms that share several larval characteristics (1, 2) . Hemichordates also share characters with the chordates, including the presence of pharyngeal arches and a dorsal nervous system, but lack a notochord, brain, and segmented musculature. The cephalochordate amphioxus has a notochord, dorsal nervous system, and segmented trunk, but it lacks characters such as complex paired sensory organs and a true brain (3) , which are diagnostic for the vertebrates. Lampreys and hagfish, the most primitive vertebrates, are the only extant members ofthe vertebrate class Agnatha. The agnathans are notable for the first appearance of several vertebrate characters, including skull structures, a welldeveloped brain and anterior nervous system, and paired sensory systems (4, 5) . However, agnathans lack jaws and paired fins (limbs), characters shared by all other vertebrates.
A class of DNA-binding transcription factors that contain a homeodomain plays a crucial role in the development ofthe protostomes and deuterostomes (6) . The homeobox genes were initially identified in Drosophila (7, 8) . Homologous genes have since been found in all other metazoan phyla examined to date (9) . The Hox gene family is postulated to have increased in gene number by two distinct steps, expansion by gene duplication within a single cluster (10, 11) and cluster duplication (12) . There is evidence (for reviews, see refs. 6 a highly disproportionate developmental capacity to encode the formation of complex body plans (14) . A prime objective in our investigation is to determine whether a positive relationship exists between Hox gene number and developmental complexity. We have investigated Hox genes and cluster number in a series of deuterostomes that exhibit different degrees of developmental complexity. An assessment of genetic homologies between these distantly related groups is made possible by the unique genomic properties of the homeobox genes.
Individual Hox genes in mice and humans on different clusters can be subdivided into 13 cognate groups on the basis of sequence similarity and by their positions within the clusters (15) . Only a subset of the 13 Hox groups occur within a particular cluster, but their order on and among clusters is preserved without exception. Cluster amplification most probably occurred by the duplication of whole clusters with the subsequent loss of individual cognate genes (12) . This is supported by the fact that genes within cognate groups are more similar with respect to sequence than are genes within a cluster. Hox genes are all transcribed from the same DNA strand, defining 5' and 3' ends of clusters. The order ofgenes within clusters also corresponds to the anterior boundaries of Hox gene expression along the anterior-posterior (A-P) axis during development. Thus, group 1 genes located at the 3' ends of the clusters express at an anterior limit, whereas group 13 genes express at a posterior limit. Intervening groups express serially along the A-P axis. The four-cluster mouse system resembles that of the single Drosophila cluster (HOM-C), suggesting an ancestral Hox/HOM gene cluster (16, 17) . Eight of the mammalian gene groups are similar in sequence to the Drosophila genes within the insect HOM-C cluster, and the relative positions of these genes are colinear with their counterpart positions in the mouse clusters. Moreover, the Drosophila genes are also expressed along the A-P axis in a manner that is consistent with their positions within their gene cluster. These highly conserved properties of the homeobox gene system, including sequence, position within clusters, and function, facilitate the identification of gene homologs in phylogenetically diverse species.
We have used the polymerase chain reaction (PCR) and degenerate primers directed towards the most highly conserved homeobox motifs to examine changes in the Hox gene family as morphological complexity has increased during evolution of deuterostomes. Our DNA Sequence Analysis. The informative sequence generated by our PCR protocol is 82 bp in length and encompasses 27 amino acids. The sequence includes the middle region of the homeobox from amino acids 21-47. Amplified sequences were compared with known homeobox sequences at both the nucleotide and deduced amino acid levels by using the FASTA program (20) and a data bank in our laboratory of approximately 300 nucleotide and 450 amino acid homeobox sequences, and assignments were made to cognate groups with the assistance of this comparison. In most cases, as can be seen in Table 1 , assignment to cognate groups, based on a comparison to mouse homeobox sequences, was straightforward; however, in some instances, our assignment must be regarded as tentative, since much informative sequence lies at the 5' and 3' ends of the homeobox, in regions outside of the sequence amplified by our primers. In particular, the sequences belonging to cognate groups 6 and 7 have been grouped together, since it is not possible to distinguish between them on the basis ofthe 27-amino acid sequences we recover in our PCR screen. It should be noted that all of the sequences clearly belong to the Hox class of homeobox genes. We report data for cognate groups 1-10 only, since our primers do not amplify homeobox sequences from groups 11-13. The sequences reported in Table 1 
RESULTS
We have tested our PCR screen on both mouse and Drosophila DNA to obtain a measure of its ability to recover known homeobox sequences. In the mouse (9), 24 sequences from cognate groups 1-10 were recovered out of the 27 expected in a sampling of 100 sequences. In our Drosophila survey, four different homeobox sequences were found in a sample of 61 sequenced clones that are identical to known members of the HOM-C complex. The numbers of individual clones found were as follows: abd-A, 10 clones; Ubx, 8 clones; Dfd, 2 clones; and Antp, 1 clone. Scr was not found, but the nonhomeotic genes zen-i (26 clones) and ftz (14 clones) were recovered. zen-i has one mismatch with our primer set, andftz has none. The other homeotic members of HOM-C, Abd-B, pb, and lab have introns (22) (23) (24) that preclude their identification by our PCR screen. In Drosophila, we were therefore able to detect six of the seven HOM-C homeobox sequences expected to be amplified by our primer set. Thus, in Drosophila and in the mouse, the PCR screen used in this study detected 86% of the expected targets in the HOM-C complex and 89o of the expected targets in the four Hox clusters in the mouse. The high frequencies of recovery in such disparate species as Drosophila and the mouse suggest that recovery will be representative for other organisms as well.
Deduced amino acid sequences of the Hox clones from the acorn worm, amphioxus, and the lamprey are shown in Table  1 . The total number of clones sequenced was 64 for the acorn worm, 75 for amphioxus, and 97 for the lamprey; of these clones, 48, 58, and 94, respectively, were Hox clones. The sequences demonstrate a broad distribution among cognate groups 1-10, and they reveal differences among the species in the numbers of clones assigned to individual cognate Evolution: Pendleton et al. The lamprey data set was assembled from both genomic DNA and cDNA preparations (see Table 1 ). Four different clones were recovered that were similar to the group 1 (lab) sequences. Clones lb and ld differed by only 2 nucleotides, and they probably represent polymorphic forms at a single locus. In support of this interpretation, the mouse group 1 genes all differ from one another by 17 or 18 nucleotides. In the lamprey, six different group 6/7 clones were recovered, but several differed by only 2 or 3 nucleotides. Again, a good case can be made for polymorphism, and we can conclude that only four genes are actually present. Group 9 contains four different sequences, two of which (9s and 9v) differ by 4 nucleotides, have identical amino acid sequences, and come from different individuals, suggesting the recovery of allelic variants. Other combinations within this group show differences ranging from 8 to 10 nucleotides.
In the amphioxus data set, group 2 contains four different clones but all combinations show small differences of only 3-6 nucleotides. In these experiments, one DNA preparation was made from multiple individuals, while a second preparation originated from a single specimen (Table 1) . Both samples yielded clones 2c and 2d, which show the maximum nucleotide difference. We conclude that amphioxus has one or, at the most, two loci representative of group 2 genes. It should also be noted that the amphioxus group 1 sequences differ by 20 nucleotides, group 3 by 21 nucleotides, group 6/7 by 14 nucleotides, and group 8 by 13 nucleotides. Interestingly, amphioxus clone 3g is also part of a gene (AmphiHox3) that was recently cloned from B. floridae (25) . The acorn worm data set contained one gene for each cognate group 1-9. An estimate of the number of loci present in each gene group for the sampled species after elimination of suspected false-positive clones is given in Table 2 . The lamprey data are consistent with a three-cluster interpretation, but a four- (6/7, 8, and 9) are indicated above the laboratory names of the clones sequenced from Pmcos2B. All of these clones were found initially in the screen of lamprey genomic DNA. (B) Number of clones (N) found in PCR screen.
cluster model cannot be rigorously excluded. The existence of only a few false-negative data could obscure the presence of four clusters. However, it should be noted that the total number of clones recovered, 19, and their distribution among the 10 groups (Table 2) are highly consistent with a threecluster model. The amphioxus data are in good agreement with a two-cluster model, and the acorn worm results are strongly suggestive of only one cluster.
Analysis of a cosmid, Pmcos2B, isolated from a lamprey genomic library provides direct evidence that lamprey Hox genes are linked in a manner similar to that in mammals (Fig.  1) . Pmcos2B was screened by PCR and was found to contain three homeoboxes within 30 kb, all of which had been previously identified in our genomic PCR screen (clones 6/7n, 8q, and 9t). By sequence comparison, these three clones had already been assigned to contiguous cognate groups (6/7, 8, and 9) , supporting confidence in our overall assignments to cognate groups.
DISCUSSION
Our data reveal several important characteristics ofHox gene organization in animals that differ from one another in the number of chordate characteristics that they possess. First, our analysis demonstrates the presence ofmultiple Hox genes in the genomes of the acorn worm, amphioxus, and the lamprey. Second, we can assign these genes to the known cognate groups described in mice and humans on the basis of their amino acid and nucleotide signatures. These data provide indirect evidence that the Hox genes in these three animals are organized into clusters similar to those found in mammals. The cosmid data (Fig. 1) provide strong evidence that this is indeed the case in the lamprey.
Evidence for independent evolutionary pathways in cluster duplication is suggested by the present data. Amphioxus group 2 is interesting in this respect. We have tentatively interpreted the existence of four clones in this group as attributable to polymorphism. Another possibility is tandem gene duplication at this locus. It is also of interest that no genes were sampled in amphioxus that could be assigned to (1993) groups 4, 5, and 9. It is probable that some of these cognate groups have been lost altogether in amphioxus, since recovery ofclones for those groups was uniformly good in all other species examined. In the acorn worm data set, it is noteworthy that all groups are represented except group 10. Groups 9 and 10 are especially interesting because the presence of group 10-13 genes in mammals has suggested serial tandem duplication events, beginning from group 9, that have extended the cluster serially in the 5' direction. It is likely that this extension occurred prior to cluster duplication, since three of the four mammalian clusters show strong cognate group relationships involving groups 10-13. In our survey, group 10 genes were found in the lamprey and amphioxus, but not the acorn worm, suggesting that the serial extension of group 9 was underway in the common ancestor of the lamprey and amphioxus but not necessarily in that of the acorn worm.
An important finding of our study is the discovery of significant differences in the number and presumed structure of the Hox genes in the acorn worm, amphioxus, and the lamprey ( Table 2 ). It is clear that there has been an increase in the number of these genes, which are known to act as important regulatory transcription factors during development. This increase is correlated with the evolutionary appearance of chordate and vertebrate characters. The PCR data also permit an estimate ofcluster number in the sampled species. Analysis suggests that three clusters exist in the lamprey (although four cannot be rigorously excluded), two in amphioxus, and one in the acorn worm. These conclusions are borne out by a consideration of the number of Hox genes and, especially, by the distribution of clones among the individual cognate groups.
Studies on Hox gene mutations support the view that homeobox genes are involved in the ontogeny of structures that are important in vertebrate evolution. Loss-of-function mutations in the Hoxa-l gene in mice are associated with defects in structures derived from the neural crest, epidermal placodes, and branchial arches (26, 27) . The Hoxd4 gene, when expressed ectopically in transgenic mice under the control of the Hoxa-l promoter, results in a homeotic posteriorization of the occipital bones of the skull (28) . Interestingly, the authors describe the mutant phenotype as resembling, in part, the skull design ofthe adult lamprey. One ofthe hallmarks of chordate evolution is the emergence of the vertebrate head. Gans and Northcutt (29) have argued that the vertebrate head is a recent innovation, since elements relevant to its formation are absent from prechordate and primitive chordate forms. It is interesting to speculate that emergence of the complex head structures of the vertebrates has a basis in the amplification of the homeobox clusters. Comparative experimental studies of organisms with qualitative and quantitative differences in homeobox gene clusters may ultimately provide insight into this and related questions.
